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The NetherlandsABSTRACT The mechanical properties of the cell membrane and the subjacent actin cortex are determinants of a variety of
processes in immunity and cell division. The lipid bilayer itself and its connection to the actin cortex are anisotropic. An accurate
description of the mechanical structure of the cell membrane and the involved dynamics therefore necessitates a measurement
technique that can capture the inherent anisotropy of the system. Here, we combine magnetic particle actuation with rotational
and translational particle tracking to simultaneously measure the mechanical stiffness of monocytic cells in three rotational and
two translational directions. When using particles that bind via integrins to the cell membrane and the subjacent cortex, we
measured an isotropic stiffness and a characteristic power-law dependence of the shear modulus on the applied frequency.
When using particles functionalized with immunoglobulin G, we measured an anisotropic stiffness with a 10-fold-reduced value
in one dimension. We suggest that the observed reduced stiffness in the plane of the cell membrane is caused by a local detach-
ment of the lipid bilayer from the subjacent cytoskeletal cortex. We expect that our technique will enable new insights into the
mechanical properties of the cell membrane that will help us to better understand membrane processes such as phagocytosis
and blebbing.INTRODUCTIONCells receive mechanical and biochemical cues from
a highly inhomogeneous and anisotropic environment
through a variety of interactions. They are capable of react-
ing to these cues by generating mechanical stress (1). Exam-
ples of physiological processes that involve mechanical
responses are the migration of cells in a chemical gradient
(2), cytokinesis (3), cell rolling (4), and the ingestion of
extracellular objects (5). Each of these processes is enabled
on the molecular scale, where complex pathways regulate
the microscopic mechanical response.
The mechanical properties of cells have been studied by
a variety of means that span a broad spectrum of applicable
forces, frequencies, and degrees of localization (6). The mea-
surementmethods can beclassified as active or passive.Active
techniques measure the deformation of the cell in response to
a known externally generated force, whereas passive tech-
niques analyze the fluctuations due to thermal forces that
generate appreciable displacements in soft-matter systems.
In the past, cells have been actively deformed by applying
suction pressure via a micropipette (7), indenting the cell
surface with a solid tip (8,9), and applying forces and torques
onmicroparticles that have been brought into contact with the
cell (10–12).
Microparticles have been found to be particularly useful
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and 1 nN. Particles can interact with cells on a molecular
scale and enable the study of cellular responses under the
spatially inhomogeneous stimulatory conditions (13) typi-
cally found in nature. In the past, microparticles have
been manipulated by optical (10,11) and magnetic traps
(12). Optical trapping allows for precise positional control
over single and multiple particles, but the applicable forces
are typically limited to a few hundred piconewtons, not least
by the damaging effect of high laser powers. In contrast, the
position of magnetic particles is more difficult to control,
but forces of up to several nanonewtons can be achieved
without causing damage to biological matter.
One method that has been used for the study of the
mechanical properties of cells is magnetic twisting cytome-
try (MTC), where the movement of a magnetic particle
under torque is measured. Originally devised for the study
of ensembles of cells, application of the technique yielded
the insight that integrin receptors transmit mechanical stress
into the cytoskeleton (14). To avoid population averaging,
and to enable dynamic measurements, Fabry and co-
workers measured the translation of individual particles
microscopically (15,16) and found that the stiffness of cells
scales as a power law of actuation frequency. Measuring
translation of particles instead of rotation was based on
the assumption that the lateral displacement of a particle
held the same information as the rotation it simultaneously
undergoes (Fig. 1 A). Mijailovich et al. confirmed this
assumption (17) by simulating the stresses and strains that
develop when a torque is applied to a particle that is partially
immersed in a cell with isotropic mechanical properties. The
authors modeled the cell as a slab with an isotropic sheardoi: 10.1016/j.bpj.2011.12.054
FIGURE 1 Applying a torque to a magnetic particle bound to a cell
membrane induces a movement that can be characterized as a superposition
of translation and rotation. (A) Under the assumption of isotropic material
properties within the probed region, the translation and rotation of the
particle are coupled and one can be inferred from the other. (B) In a general
case, the particle can undergo movements that are indistinguishable by
translational measurements and can only be quantified by additional rota-
tional tracking.
FIGURE 2 Overview of the experiment. Monocytic cells were immobi-
lized on glass coverslips coated with poly-L-lysine. Magnetic particles
were functionalized with antibodies and labeled with fluorescent fiduciary
markers (inset). The particles were then bound to the cells and magnetized
in a vertical direction. An in-plane unidirectional sinusoidal magnetic field
was then used to actuate the particles. Schematic is not to scale. A micro-
graph of a typical interaction between a cell and a tagged particle under
simultaneous bright-field and epifluorescence illumination is shown on
the left.
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around the particle wherein the introduced stresses decay
toward zero. However, it is in general not true for larger
regions or for the cell as a whole. The relevant length scale
of stress decay was estimated to be on the order of 1 mm for
a particle with a diameter of 4.5 mm (17). As applications of
MTC have focused on the study of the network mechanics
of the cytoskeleton, great care has been taken to ensure
a direct link between the magnetic particle and the filamen-
tous protein networks within the cell, e.g., by formation of
focal adhesions. Considering the dimensions of the cyto-
skeleton, the assumption of an isotropic material within
the probed region of ~1 mm around the particle probe was
valid in the systems considered.
In general, when no tight connection between the particle
and the cytoskeleton can be guaranteed, the region adjoining
the cell-particle interface is highly anisotropic. The particle
binds to proteins lodged in a lipid bilayer ~10 nm thick,
which has been modeled as a two-dimensional fluid (18).
Discrete distributed bonds connect the bilayer with the
cortical part of the cytoskeleton whose network structure
as a whole has viscoelastic properties (19). The bending
moduli, k, of an intact bilayer-cortex assembly (k ~ 1018 J
(20)) and an unsupported bilayer (k ~ 1019 J (21)) differ
by approximately one order of magnitude. From this descrip-
tion it becomes clear that the region probed by the magnetic
particle cannot be considered isotropic unless the link
between the lipid bilayer and the cell cortex is intact and
the applied torque is coupled into the cytoskeleton. Previous
research into the mechanics of cell membranes has shown
that there are several processes during which the link
between membrane and cytoskeleton is severed. This facthas been demonstrated by pulling of long membrane tethers
from blebbing cells (22) and is thought to enable the engulf-
ment of foreign objects during phagocytosis (23,24). Once
the link between the lipid bilayer and cell cortex is altered,
the assumption of isotropic material properties fails and the
response of a magnetic particle under torque can be expected
to change, as depicted in Fig. 1 B. Hence, under those condi-
tions, the analysis of particle translation renders an incom-
plete picture of the processes at play at the interface
between a magnetic particle and a cell.
Here, we present what to our knowledge is a novel
method that combines magnetic-particle actuation with
rotational and translational particle tracking to study the
stiffness of the interface between a particle and a cell (see
Fig. 2). We first demonstrate the general applicability of
the tracking technique by quantifying the translational and
rotational motion of a freely moving sphere in a laminar
flow. Independently measuring translation and rotation
allows us to determine whether the sphere is simply rolling
or moving in a more complex way, e.g., by skidding. We
then show that we can measure the orientationally resolved
stiffness of the contact region between a functionalized
particle and a cell. We achieve this by simultaneously
tracking the translation and rotation of the particle in an
oscillating magnetic field. When using particles functional-
ized against CD11a, a part of integrin LFA-1, or CD14,
a membrane protein without an intracellular domain, the
probed regions of the cells had isotropic properties and we
could reproduce the previously demonstrated power-law
dependence (16) of the shear modulus on the appliedBiophysical Journal 102(3) 698–708
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with a nonspecific IgG coating, we found an unexpected
anisotropy of the mechanical stiffness. The observed anisot-
ropy can possibly be explained by a local detachment of the
plasma membrane from the underlying cytoskeleton.MATERIALS AND METHODS
Particle preparation
Carboxyl-coated ferromagnetic particles with a diameter of ~4.5 mm
(Spherotech, Lake Forest, IL) were used in the experiments. The particles
were functionalized with monoclonal antibodies against membrane proteins
CD11a, CD14 (both from Acris Antibodies, Herford, Germany), or mouse
immunoglobulin from serum (Merck Chemicals, Darmstadt, Germany). In
all cases, we covalently coupled the antibodies to the particles in a two-step
reaction (see Supporting Material for details of the method).
Upon successful functionalization, 50 ml of a 1:50 dilution of magnetic
particles was mixed with ~25 ng of biotinylated polyclonal goat anti-mouse
antibody (Thermo Fisher Scientific, Rockford, IL) and incubated for 20 min
at room temperature on a shaker. Subsequently, unbound antibodies were
removed by washing the particles twice with 100 ml of wash buffer. The
original concentration was reconstituted by suspending the particles in 50
ml of wash buffer. Then, the magnetic particles were labeled with fluores-
cent streptavidin-coated particles. A volume of 1 ml of a 1:100 dilution of
streptavidin-coated fluorescent spheres with a diameter of 200 nm (Bangs
Labs, Fishers, IN) was added to the magnetic particles and allowed to
bind under agitation for 20 min at room temperature. Under the chosen
experimental conditions, 1 to 5 markers were visible per particle (see
Fig. S2 in the Supporting Material).Cell culture and preparation
Human acute monocytic leukemia cells (THP-1) were used as a model for
primary human monocytes due to their comparable morphology and func-
tionality. As such, they express Fc receptors that specifically bind the crys-
tallizable region of immunoglobulins (Fc region) (25).
THP-1 cells were cultured at 37C in Roswell Park Memorial Institute
medium (RPMI-1640, Life Technologies, Carlsbad, CA) supplemented
with 25 mM HEPES buffer, GlutaMax-I, and 10% fetal calf serum (Gibco,
Life Technologies).
Before an experiment, ~1 ml of cell solution at a concentration of 8 105
cells/ml to 1  106 cells/ml was taken from culture for sample preparation.
For experiments where ligation of Fc receptors was undesirable, 0.5 ml of
cells was incubated with 5 ml of Fc-blocking reagent (Miltenyi Biotech,
Bergisch Gladbach, Germany) under slight agitation for 20 min at 37C.Fluid chambers
Fluid chambers were made from two glass coverslips (Menzel-Gla¨ser,
Braunschweig, Germany) and two stretched Parafilm (Pechiney Plastic
Packaging, Chicago, IL) strips that served to create a clearance of ~100
mm between the glass surfaces. Upon assembly, the fluid chambers were
filled with poly-L-lysine (PLL) solution (0.1% w/v in deionized water,
Sigma Aldrich, St. Louis, MO) and left to incubate overnight at room
temperature in a moist petri dish. Before each experiment, the fluid cham-
bers were washed several times with RPMI-1640 medium.Sample preparation
Cells were introduced into the fluid chambers by dispensing ~50 ml of cell
solution onto the area of the coverslip next to the inlet of the chamber.Biophysical Journal 102(3) 698–708Subsequently, the cells were allowed to settle onto the PLL-coated glass
surfaces for 2–3 min before tagged magnetic particles at an approximate
concentration of 5  106 particles/ml were brought into the chamber in
the same way. The successful binding of particles to the cells was verified
by observation of immobile particles in a shear flow of ~10 to 50 mm/s. The
resulting shear stress was physiological at ~0.1 pN/mm2 (1 dyn/cm2) and
was considered negligible compared to the stress applied during magnetic
twisting (see Supporting Material). Once an appreciable number of
particle-cell bonds had formed, the sample was magnetized perpendicularly
to the coverslip (along the z axis) by shortly placing it onto a permanent
magnet with an almost perfectly vertical magnetic field of at least 150
mT. Upon exposure to the magnetizing field, the particles retained a rema-
nent magnetic moment of ~2.2  1013 Am2 in the z-direction (see Sup-
porting Material for details). After magnetization, the sample was
transferred onto the magnetic setup to start the measurements. About
5 min passed between magnetization of the sample and the beginning of
an experiment.Magnetic field generation
Experiments were carried out on a custom-made magnetic quadropole
setup, as previously described by Janssen et al. (26). Two opposite coils
were used to generate a sinusoidally varying magnetic field in the horizontal
direction (see Fig. 2) with equal components in the x- and y-directions. In
a typical setting, the coils were operated between 0.1 and 20 Hz and at
a peak current of 250 mA, which corresponded to a magnetic flux density
of 8 mT. The applied specific torques ranged from 15 to 80 Pa and are
within the range of values applied in previous studies (27). The homoge-
neity of the magnetic field has previously been verified by finite-element
simulations (26). Within 2 mm of the central vertical symmetry axis the
lateral field gradient is 0.25 T/m and the vertical field gradient is 1.5 T/m.
At a remanent magnetic moment of ~2 1013 Am2, the lateral and vertical
forces on a ferromagnetic particle thus become 0.05 pN and 0.3 pN,
respectively. The gravitational force on a particle is ~0.7 pN, which renders
the influence of the field gradient negligible.Image acquisition
Imaging was performed with a water-immersion lens with a numerical aper-
ture of 0.9 and a magnification of 63 on an upright light microscope
(Leica DM6000M, Leica Microsystems, Wetzlar, Germany). Fluorescence
imaging of the tracer spheres was supplemented by bright-field imaging,
which was sufficient to render the outlines of the magnetic particles detect-
able for further image processing.
Images were acquired with a camera equipped with an electron-multi-
plying charge-coupled device (EMCCD, Luca S, Andor Technology, Bel-
fast, Northern Ireland). In experiments without fluorescent markers,
images were acquired with a high-speed camera (Redlake X3, IDT, San
Jose, CA). The acquisition of images was locked to the driving frequency
of the magnetic coils to record 15 frames/actuation cycle. The relatively
low maximum frame rate of the EMCCD (~30 frames/s at typical illumina-
tion) effectively restricted the actuation frequencies to <2 Hz when
acquiring fluorescence signals.RESULTS
Tracking of Euler angles
We bound ferromagnetic particles to cell membranes and
actuated them in an oscillating magnetic field. To enable
tracking of the rotational motion of the particles, we coupled
small fluorescent tracer spheres to their surfaces. Imaging
was performed under simultaneous bright-field and
Rotational Probing of Membrane Mechanics 701fluorescent imaging. Details about particle functionalization
and imaging can be found in Materials and Methods.
Our algorithm for tracking the position and the orienta-
tion of the magnetic particle first determines the position
of the particle in every frame. Subsequently, the locations
of the fluorescent markers with respect to the center of the
magnetic particle are tracked. Finally, the rotational motion
of the particle around the three major axes is calculated from
the obtained trajectories.
We determine the location of the magnetic carrier particle
by applying the Hough transform for the detection of
circular features (28). To minimize computation time, the
approximate radius of the magnetic particle is used as
a constraint for the detection. We also tested algorithms
that are based on determining the intensity-weighted
centroid of the magnetic particle. However, we found that
these algorithms were less robust due to the nonuniform
intensity distribution on the visible surface of the carrier
particle. Furthermore, centroid-based methods are in
general prone to errors when the particle is in the proximity
of the edges of a cell.
We next use the determined locations to center a region of
interest (ROI) of fixed size around the particle in each frame.
Within this ROI, we then apply a centroid-based algorithm
(29) to locate the fluorescent fiduciary markers, which
appear as peaks of light intensity. To ensure the effective-
ness of the localization of the fluorescent markers, the
background illumination of the simultaneously acquired
bright-field images needs to be sufficiently dim to avoid
the confounding influence of light reflections on the surface
of the magnetic particle.
The positions of the fiduciary markers in each frame are
finally fed into a tracking algorithm that reconstructs the
trajectories of individual markers by analyzing the spatial
and temporal evolution of the determined coordinates.
Between each two successive frames the algorithm attempts
to correlate the positions of the fluorescent markers to
construct their trajectories. This places a limit on the
maximum density of fiduciary markers that can be used at
a given camera frame rate. The spacing of different markers
on the carrier particle should be well above the distance
covered by each individual marker within one frame interval.
Upon locating and identifying the fiduciary markers for
each frame, we express their positions in a three-dimen-
sional Cartesian coordinate system (see Fig. 3 A). Although
we do not measure the z-position of the markers directly, we
can infer it from the x- and y-positions by assuming that
a fluorescent marker is at a constant distance from the center
of the magnetic particle such that
z ¼ ðRþ rÞ2y2  x21=2; (1)
whereR and r are the radii of themagnetic carrier particle and
the fluorescent marker, respectively. Finally, we write the
locations ofmarkers 1.k present in frame i inmatrix format:Xi ¼
0
@ xi1 / xikyi1 1 yik
zi1 / zik
1
A: (2)
The locations of the fiduciary markers in each frame are
fixed with respect to each other and represent a set of points
in a particle-fixed coordinate system. According to the Euler
rotation theorem, the rotation of the sphere can now be
described by three successive rotations that map a given
set of marker locations into that found for a successive
frame.
Xiþ1 ¼ R3R2R1Xi: (3)
The parameters of the required matrices are three angles that
we chose according to the pitch-roll-yaw convention (30).
Using this notation, the angles j, q, and 4 describe rotations
about axes x, y, and z, respectively. The Euler matrix R can
now be written as the product of three successive rotations:
R ¼ RcRqR4: (4)
Since the point sets that represent the locations of markers
are noisy, the Euler matrix cannot be directly calculated
by inversion. Instead, we determine R by solving the
least-squares problem
E ¼ kR$Xi  Xiþ1k2: (5)
If only one marker is visible, the solution found by mini-
mizing E is not necessarily unique, since there are often
several sets of rotations that can map Xi onto Xiþ1. If
a main rotational axis can be identified by inspection,
boundaries can be imposed on the minimization routine to
suppress alternative solutions. For more complex motions,
at least two fiduciary markers are necessary to yield mean-
ingful tracking results.
We have characterized the performance of our algorithm
by tracking the motion of a particle moving over a surface in
a laminar flow (see Fig. 3 B). By analyzing the translation
and rotation of the particle independently, we reveal the
quantitative superposition of both fundamental modes of
movement (see Fig. 3, C and D) and prove the robustness
of the rotational tracking.
The accuracy of the angular tracking algorithm largely
depends on the precision of the circular Hough transform
used for finding the center of the magnetic carrier particle.
Since in our movie the contrast between particle and back-
ground is low compared to traditional bright-field imaging,
the edge detection is mainly hampered by camera noise. To
estimate the impact of noise on the center tracking, we
imposed additive Gaussian white noise at different ampli-
tudes on a test image and recorded the results of repeated
attempts to track the center of a simulated particle. At noise
levels comparable to actual values we estimated a tracking
accuracy of ~30 nm. This value is high compared to otherBiophysical Journal 102(3) 698–708
FIGURE 3 Overview of the image-processing routine and application to motion analysis of a particle in a laminar flow. In every frame, the ROI was
centered on the magnetic particle. (A) The location of each fiduciary marker in a carrier-particle-fixed three-dimensional Cartesian coordinate system
was then calculated under the assumption that the radial distance to the center of the magnetic particle remained constant. The Euler rotation angles
were calculated with respect to the initial orientation of the particle. (B) Careful tuning of the intensity of transmitted light ensured good visibility of the
outline of the nonfluorescent magnetic particles without compromising the intensity contrast of the fluorescent fiduciary markers (see micrographs below).
The exemplary movement of a particle in a laminar flow was tracked in the x- and y-directions and at three rotational angles. After ~2 s, the motion of the
particle is dominated by rotation around the y axis, denoted by the angle q. (C) The unidirectional motion of a sphere above a surface can take several forms. If
the sphere does not rotate, it is purely translating. If the length of the perimeter section that is covered by the rotation angle is equal to the displacement of the
center, the sphere is said to undergo pure rolling. If the displacement of the center is larger or smaller than the perimeter section, the sphere is skidding or
slipping, respectively. (D) The motion of the particle can be described as a superposition of pure translation and pure rolling. From the tracked rotational
motion, the displacement of the particle under ideal rolling is calculated by (q,j)  R. By adding translational components with constant velocities of
vx ¼ 1.4 mm/s and vy ¼ 0.5 mm/s, the originally traced displacements of the particle, x(t) and y(t), are approximated very well. This indicates that the particle
is skidding.
Biophysical Journal 102(3) 698–708
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Rotational Probing of Membrane Mechanics 703particle-tracking routines and can be explained by the low
contrast caused by the trade-off between simultaneous
bright-field and fluorescence imaging.
The error in the tracking of the position of the magnetic
particle influences all subsequent processing steps, since
the determined location serves to define the reference frame.
Hence, the precision of tracking the fiduciary markers is
limited by the error of the circular Hough transform. The
uncertainty in the rotational angle derived from the location
of the fiduciary markers can thus be expressed byDq¼Dx/R.
With a particle radius of ~2.3 mm, the accuracy of the angular
tracking routine is therefore on the order of 1–3.
The error in the calculation of the z-position of a marker
given by Eq. 1 can be estimated by
Dz ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðR DRÞ2ðr þ DrÞ2
q

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2  r2
p
; (6)
where r2 ¼ x2 þ y2 and, correspondingly, Dr ¼ ﬃﬃﬃ2p Dx ¼
42 nm: The algorithm of the Hough transform currently
only yields a pixel-accurate estimate of the radius of
a tracked particle. In our experiments, we assume a corre-
sponding uncertainty of DR ¼ 100 nm. At a typical distance
of x ¼ 1 mm from the center of the particle, the estimated
absolute error in z is thus ~130 nm (relative error 0.07).
Conclusively, the most precise measurements can be made
with magnetic particles that carry multiple nanoparticle
markers close to their zenith position at x ¼ 0, y ¼ 0, and
z ¼ R þ r.Cell stiffness measurements
We applied rotational particle tracking to measure the local
mechanical stiffness of the cells. In our experiments, we
used particles coated with anti-CD11a, anti-CD14, and
nonspecific mouse IgG. The particles were tagged with fluo-
rescent markers for Euler angle tracking. We immobilized
the cells on a PLL-coated substrate and then bound particles
to the cells (see Fig. 2). Thereafter, we magnetized the
samples in a strong vertical magnetic field and subsequently
applied a harmonically oscillating field in the horizontal
direction. A similar method has previously been applied
for magnetic twisting cytometry studies (27). During the
experiments, we monitored the motion of individual parti-
cles to infer qualitative and quantitative information about
the coupling of the particle with the cell.FIGURE 4 Dynamic moduli of 51 cells as a function of actuation
frequency, as determined from the translation of particles coated with
CD14 or CD11a. The measured power-law dependence is a characteristic
of the cytoskeleton supporting the view that under these experimental
conditions, a strong link between the membrane and the cytoskeleton exists.
The power-law exponents of individual cells are normally distributed
among the measured population (inset).Particle binding via CD11a or CD14
Particles that carried an antibody against CD11a or CD14
underwent a sinusoidal rocking motion along the axis
imposed by the direction of the horizontal magnetic field.
The displacement of the particle center was on the order
of 20 to 200 nm and clearly discernible. The simultaneous
rotation of the particle was ~1–5. This motion of a particle
bound to a cell has previously been simulated in detail (17).To determine the dynamic moduli of the contact region
between particle and cell, we used a method previously
described by Fabry et al. (16). Our data follow the structural
damping law with a power law exponent of x ¼ 1.24
(Fig. 4), which is in good agreement with the value found
for primary blood neutrophils (27).Particle binding via nonspecific IgG
Particles with an IgG coating showed a markedly different
motion when subjected to the same magnetic actuation
protocol. The translational displacements of the particles
(Fig. 5 D) were smaller than expected from the rotational
motion and they were not restricted to the main axis of
the external magnetic field. In contrast to the experiments
with coatings against CD14 and CD11a, rotation of particles
about the z axis (angle 4) of the imaging plane was observed
(Fig. 5 B). Even without fiduciary markers, the rotational
motion was clearly visible by eye (Movie S1). However,
for precise quantification of the rotation the fiduciary
markers were necessary.
We attribute the observed rotation around the z axis to the
presence of an in-plane component, mxy, of the magnetic
moment of the particle. Such a component occurs when
the magnetizing field is not ideally vertical or the particle
is reoriented after the initial magnetization step, e.g., by
active movements induced by the cell. The resulting in-
plane magnetic moment is likely to be much smaller than
the one imposed in the vertical direction. The applicable tor-
que, in turn, is determined not only by the in-plane magni-
tude of the magnetic moment but also by its orientationBiophysical Journal 102(3) 698–708
FIGURE 5 Tracked motion and time course of measured cellular stiffness for a particle with a nonspecific IgG coating. (A–C) As shown by the respective
Fourier transforms (insets), the rotational displacement of the particle is on the order of 2. Since the magnetic field is generated along the bisecting line
between the x and y axes, the particle rotates in both j and q. The motion in 4 is unexpectedly large, since it is generated by a substantially lower torque
than that in j and q. Since tracking in 4 does not require the z coordinate, the obtained motion is subject to considerably less noise. (D) The translation of the
particle is restricted to amplitudes of ~50 nm. (E) Elastic moduli calculated from the particle motion depicted in A–D. The moduli calculated from translation
and rotation in q and j are similar, whereas the modulus in 4 is about one order of magnitude lower. (F) Similar results obtained with another cell (further
similar results are shown in Fig. S3). The shaded areas depict the standard error of the mean.
704 Irmscher et al.with respect to the axis along which the magnetic field lines
run. In our experiments, the magnitude and direction of the
in-plane component of the magnetic moment can be esti-
mated. To this end we tracked the orientation of an unactu-
ated particle during a time interval of 10 min and measured
reorientations in q and j of not more than 10. Hence, we
approximated the mean in-plane component to be 10% of
the absolute torque. The uncertainty of this approximationBiophysical Journal 102(3) 698–708was assumed to be 10% of the absolute torque as well
(see Supporting Material for complete reasoning).Application of an isotropic material model
Considering the small amplitude of the in-plane torque, the
angular excursions in 4 (see Fig. 5 B) are surprisingly large
compared to the excursions in q and j (see Fig. 5, A and C)
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particle-cell interface. The anisotropy of the probed region
becomes apparent when we apply an isotropic model
description. For this purpose, we assume that half of the
particle is embedded in a homogenous isotropic linear
elastic medium characterized by Young’s modulus, E, and
Poisson’s ratio, n. Under these conditions, the shear
modulus, G, is given by G ¼ E/2(1 þ v). The elastic torque
exerted on a particle rotated by an angle q now becomes (31)
t ¼ 4
3
pER3q ¼ 2Vpð1þ vÞGq (7)
t
T ¼
Vp
¼ 2ð1þ vÞGq: (8)
Here, Vp is the volume of the particle, which is subsequently
used to normalize the torque to introduce the torque density,
T. We obtain the shear modulus by adapting a method
proposed by Fabry et al. (16) that yields the complex
dynamic modulus G* as the quotient of the Fourier trans-
forms of the normalized torque, T*, and the rotational
displacement at the frequency of actuation fa.
We also calculated the shear modulus from the dimen-
sionless normalized translation, ~d ¼ d=R, of the particle
by using the results of Mjailovich et al. (17). Here, the
quotient Gd ¼ T=~d is called the apparent shear modulus
because it does not take into account the geometry of the
contact interface between particle and cell. The actual shear
modulus of the cell material can then be obtained by using
the scaling factor b, which depends on the degree of particle
embedding and the thickness of the cell:
G ¼ Gd
b
: (9)
In line with the above assumptions, we use b¼ 1 for a semi-
embedded particle and a cell thickness of 5 mm (17).
If the contact region were indeed an isotropic medium,
the values of G obtained from the rotation and translation
of the particle should be equal. Indeed, the shear moduli
calculated from the translation of the particle and the rota-
tions q and the j agree reasonably well (Fig. 5, E and F).
However, the shear modulus ascribed to the rotation 4 is
significantly lower than that for the other coordinates
(Fig. 5, E and F). In total, we recorded this behavior in eight
different cells from four independent experiments (addi-
tional data sets shown in Fig. S3 of the Supporting Mate-
rial). This is in contrast to experiments wherein
antiCD11a-coated particles were used to establish a strong
link to the cytoskeleton. In that case, we observed an
isotropic stiffness across all probed dimensions (x,y), 4, q,
and j (see Fig. S4).
In conclusion, we have shown that the measured stiffness
of the probed region of the cell membrane is not uniform in
all orientations and that the assumption of material isotropyfails when particles coated with IgG are used. To quantita-
tively understand the origin of the observed anisotropy, we
expect that a model description of the interface comprising
the particle surface, the lipid bilayer, and the cytoskeleton is
needed.DISCUSSION
Origin of observed motion
Magnetic particle microrheology methods have so far relied
on the assumption that the mechanical properties of the
probed region are isotropic. As mentioned above, this
assumption is valid under the conditions of experiments
aimed at studying cytoskeletal dynamics where the
membrane is constantly and strongly coupled to the cyto-
skeleton. In the general case, however, the system of the
plasma membrane and the subjacent cytoskeletal cortex
cannot be seen as an isotropic entity.
First, the cytoskeleton itself is not isotropically organized.
By applying a magnetic twisting field along two perpendic-
ular axes, it has previously been shown that adherent cells
display anisotropic stiffness due to a preferential orientation
of stress fibers (32). Directional particle tracking micro-
rheology later revealed that unidirectional shear flow trig-
gers a reorganization of the cytoskeleton to effectuate an
increase in compliance parallel to the flow direction (33).
Second, as mentioned above, tight coupling to the cyto-
skeleton is often taken as an argument to neglect the influ-
ence of the coupling between the lipid bilayer and the
underlying cortex. Unexpected motion of actuated particles,
such as rolling on the membrane or no apparent translation
at all (34), has been observed before but could not be quan-
titatively interpreted. It has been speculated that improper
linkage of a membrane receptor to the cytoskeleton could
lead to reduced movement due to lack of a mechanical
support structure.
Our experiments with particles coated with CD11a or
CD14 yielded the expected power-law rheology that has
been measured for a wide range of different cell types
(27). This result is evidence of a strong link between the tar-
geted membrane receptor and the cytoskeleton. Although
the antibody against CD11a is expected to bind to integrins
directly, the nature of the cytoskeletal link when using parti-
cles that bind to CD14 is undefined. CD14 itself does not
possess an intracellular domain and thus should not be
able to establish a mechanical connection. However, it has
been shown to colocalize with a variety of other membrane
receptors that might provide an indirect link (35).
In our experiments with IgG-coated particles, we assume
that binding is mainly established through Fc receptors.
These receptors are known to play a major role in the phago-
cytosis of opsonized targets and specifically have been
shown to diffuse freely in the lipid bilayer (36). This finding
indicates that on the time scale of an experiment, FcBiophysical Journal 102(3) 698–708
706 Irmscher et al.receptors do not necessarily have a link with the cytoskel-
eton. Elasticity measurements on a particle bound to free
receptors would then produce values that are representative
of the mechanical properties of the lipid bilayer itself and its
(partial) degree of connectivity with the underlying cortex.
Topological factors such as excess membrane or membrane
folds are likely to play a role as well. The measured anisot-
ropy of the mechanical stiffness thus can be understood as
the result of membrane processes that increase the rotational
freedom of the probing particle. This does not necessarily
imply an inherently anisotropic stiffness of the cell
membrane itself. When combined with a suitable model
description, our method can thus be used to study processes
such as membrane ruffling and partial dissociation of the
plasma membrane from the cortex.Applicability of our method
Our method makes it possible to simultaneously measure
the local stiffness of a cell in five coordinates that represent
two translational and three rotational degrees of freedom.
This constitutes an improvement over previous single-cell
techniques that only measured translation and thus never
acquired more than three coordinates at the same time.
Hence, our technique is inherently suited for studies of the
heterogeneous assembly of lipid bilayer and cortex in live
cells.
In contrast to methods that make use of magnetic twee-
zers with sharp tips, our method is inherently suited for mul-
tiplexing because the force on the particles can be
considered homogeneous within the field of view, which
has a size of ~150  100 mm2. Multiplexing is very useful
for studies of cell-to-cell differences in large populations
(27).
The current implementation of our angular tracking tech-
nique has a limited resolution caused by the need to simul-
taneously acquire bright-field and fluorescence images.
Switching between bright-field and fluorescence modes for
each frame can break this trade-off but complicates the
temporal synchronization with the magnetic actuation. A
better solution is the use of two cameras and a dichroic
mirror to achieve spatial separation of the bright-field and
fluorescence signals.
Our technique can be further improved by more strin-
gently controlling the orientation of the magnetic moments
of the particles, for example, with three independent orthog-
onal coils, as presented by Hu et al. (32). By unifying the
magnetization and actuation of particles in situ, parasitic
changes of the applicable torques due to cell-induced
motion of the particle can be minimized.
We anticipate that our technique will be useful for the
study of processes that involve the mechanical organization
of the cell membrane. By using marked magnetic particles
on blebbing cells for example, the properties of the
membrane protrusion can be studied as a function of time.Biophysical Journal 102(3) 698–708Furthermore, our technique can be used, for instance, to
study the dynamics of cup formation during the phagocy-
tosis of magnetic particles. With improved angular tracking
accuracy, the technique might also be applicable to live-cell
studies of small-scale reorganizations of the distribution of
lipids and proteins in the membrane.CONCLUSIONS
We have combined rotational particle tracking and magnetic
particle actuation to investigate the mechanical properties of
the interface between a functionalized particle and a cell.
Previous investigations have mostly rested on the assump-
tion that the probed region is mechanically isotropic and
could therefore be characterized by measuring one mode
of deformation at a time.
Here, we have demonstrated that mechanical anisotropy
can arise as a result of binding via specific molecular
ligands. By applying three-dimensional rotational particle
tracking, we showed that ligation of Fc receptors leads to
a strongly reduced stiffness in the plane of the cell
membrane.
We attribute the observed behavior to the loosening of
links between the lipid bilayer and the cytoskeletal cortex.
As of now, we do not have a quantitative description of
such a local detachment process and the resulting loss in
mechanical stability. A suitable model will have to deter-
mine the effective stiffness as a function of the size of the
detached region of the membrane.
We envision that our combination of particle Euler angle
tracking and magnetic particle microrheology will become
a powerful tool for studies of the mechanical properties of
the cell membrane and for the quantification of time-depen-
dent interactions between the lipid bilayer and the
cytoskeleton.APPENDIX
The complex dynamic modulus, G*, is calculated as the quotient of the
Fourier transforms of the torque density, T*, and the angular displacement,
q*. To estimate the propagated error of the shear modulus as a result of the
uncertainties of the applied torque and the measured angular displacement,
we write the explicit expression for G* as
G ¼ 1
2ð1þ vÞ
T
q
(10)
 1 <fTg þ iJfTgG ¼
2ð1þ vÞ <fqg þ iJfqg (11)
1
<fTg<fqg þ JfTgJfqgG ¼
2ð1þ vÞ <fqg2þJfqg2
þ iJfT
g<fqg  <fTgJfqg
<fqg2þJfqg2

: (12)
Rotational Probing of Membrane Mechanics 707The symbols < and J denote the real and imaginary parts of the Fourier
transforms, respectively. At actuation frequencies<1 Hz the real part of G*
(the storage modulus G0) converges toward the static shear modulus.
Furthermore, the applied magnetic field does not suffer any distortions
due to the self-inductance of the coils and can be considered perfectly sinu-
soidal, in which case the real part of the Fourier spectrum of T* vanishes
and the shear modulus becomes
G  <fGðfaÞg ¼ 1
2ð1þ vÞ
JfTðfaÞgJfqðfaÞg
<fqðfaÞg2þJfqðfaÞg2
: (13)
The uncertainty of G can now be estimated by deriving the total
differential,
DG ¼
 vGv<fqg
D<fqg þ
 vGvJfqg
DJfqg
þ
 vGvJftg
DJfTg: (14)
As discussed above (and in the Supporting Material), the uncertainty in
T* is caused by the misorientation of the particle and is assumed to be 10%
of the maximum torque. To obtain estimates of the uncertainties D<{q*}
and DJ{q*}, we consider the image tracking noise in the Fourier spectra
of the displacements. We assume that the angular displacement, qa(t), is
superposed by additive normally distributed white noise with zero mean
and variance s2, denoted by e(t):
qðtÞ ¼ qaðtÞ þ eðtÞ: (15)
In this case, the variance of the Fourier coefficient of the angular
displacement on a sampling interval of length L is given by
varð<fqðfaÞgÞ ¼ 2s
2
L
: (16)
We calculate the time course, e(t), of the noise by subtracting the
harmonic oscillation, qa(t), given by the Fourier coefficients <{q* (fa)}
and J{q* (fa)} from the original measurement. The variance of the noise
can then be estimated from a Gaussian fit of the histogram of the amplitudes
in e(t).SUPPORTING MATERIAL
Additional details of methods, a table, four figures, a movie, and references
(37–39) are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)00057-4.
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